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Abstract
A unique dual mode X-band CW EPR resonator designed for simultaneous
EPR measurement and rapid MW induced sample heating is described. Chem-
ical reactions subjected to a flow of energy and matter can be perturbed away
from the thermodynamic equilibrium by imposing a rapid shock or physical
change to the system. Depending on the magnitude of the perturbation, these
changes can dictate the subsequent evolution of the entire system, allowing for
instance to populate non-equilibrium reactive intermediate states. Temperature
jump (T-jump) experiments are a common method to achieve such perturba-
tions. Most T-jump experiments are based on Joule Heating methods or IR
lasers. Here we demonstrate the principle of rapid sample heating based on
microwaves. The benefits of MW heating include i) rapid and efficient heating
(i.e. using a tuned resonant cavity, >99% efficient power transfer to the sample
can be achieved), and ii) volumetric heating (i.e. the entire sample volume rises
in temperature at once, since heat is generated in the sample instead of being
transferred to it). Accordingly, the key concept of the design is the use of a
cavity resonator allowing EPR detection (at 9.5 GHz) and sample heating (at
6.1 GHz). Temperature enhancements of 50 ◦C within a few seconds are possible.
This is evidenced and illustrated here by probing the temperature-induced vari-
ation of the rotational dynamics of 16-doxyl stearic acid methyl ester (16-DSE)
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spin probe grafted on the surface of sodium dodecyl sulphate (SDS) micelles
in water, as well as copper (II) acetylacetonate in chloroform. Rapid changes
in the rotational dynamics of the paramagnetic centres provide direct evidence
for the in situ and simultaneous EPR measurement-heating capabilities of the
resonator. Improvements afforded by the use of pulsed MW sources, will en-
able faster heating time scales to be achieved. In the longer term, this current
study demonstrates the simple and direct possibilities for using MW heating as
a means of performing T-jump experiments.
Keywords: Electron Paramagnetic Resonance (EPR), T-jump, Perturbation
Methods, Kinetics, Resonator Design, Dielectric Heating, Spin Probes, Copper.
1. Introduction
All chemical reactions subject to a flow of energy and matter can be per-
turbed away from thermodynamic equilibrium by imposing a rapid shock or
physical change to the system. Depending on the magnitude of the perturba-
tion, these changes can dictate the subsequent evolution of the chemical sys-5
tem, revealing important information on the underlying reaction mechanism.
For example, in a simple endothermic reaction in which reactant [A] converts
into product [B], a rapid temperature rise will shift the equilibrium to a non-
equilibrium state in which [B]noneq has a higher concentration compared to the
equilibrium state [B]eq. The reaction mixture then shifts to a new equilibrium10
(at the new temperature) at a rate determined by the reaction kinetics. If the
relaxation time from the new state reverting back to the initial equilibrium
state (at the original temperature) can be monitored, then the kinetics of the
reactive species can be found [1]. Alternatively, if the population of any in-
termediate in the reaction is increased during this process, this may then be15
studied spectroscopically. This is the essential basis of temperature jump (T-
jump) experiments, and as a result, a considerable amount of research has been
conducted over the years into new (and faster) methods of generating homoge-
neous T-jumps, particularly in the study of reaction kinetics or conformations
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(i.e. protein folding dynamics) in biophysical/biochemical [2, 3, 4, 5, 6, 7] or20
chemical reaction systems [8].
The majority of T-jump experiments are based either on Joule Heating (requir-
ing a conducting solution) or more commonly using IR lasers. The latter requires
a solvent or a dye with strong IR absorption properties to directly or indirectly
heat the solution. Kubelka provides an excellent account on the available laser25
T-jump methods, particularly the many experimental considerations that must
be taken into account for time resolved studies in biophysics [5]. More recently
THz pulses have also been proposed as a novel means of generating ultrafast
T-jump conditions [9, 10]. However, an alternative approach to creating a rapid
temperature rise in solution, which has been scarcely considered or utilised to30
date, is to use microwaves (MW) which potentially offer an incredibly effective
means of heating (creating a T-jump) using a suitable resonator. Egozy and
Weiss first recognised this when describing a T-jump apparatus utilising MW
heating [11], although this MW approach has certainly not become mainstream
in T-jump experiments to date.35
From a chemical perspective, another advantage of using MW for rapid heat-
ing comes from the fact that enhancement of rates and selectivities of chemical
reactions can be achieved [12], notwithstanding the many unknown origins and
controversies by which MW achieve this [13, 14]. In fact, the use of MW to drive
chemical and catalytic reactions (also known as microwave assisted synthesis)40
is now well known [15, 16, 17], so that commercial MW reactors for chemical
synthesis have become widely available. Reported benefits of MW in chemical
reactions include shorter reaction times, higher rates, enhanced product selectiv-
ity and control of materials properties [13]. Certainly, in organic reactions, the
rates can sometimes be significantly faster and in some cases the observed ac-45
celerations cannot be obtained by conventional heating methods [14]. However,
in order to fully exploit the numerous benefits, there is a need to fundamentally
understand how MW heating can drive and accelerate reactions.
Owing to the above two major benefits offered by MWs, for rapid heating (po-
tentially creating T-jump capabilities) and for enhancing the rates of some chem-50
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ical reactions, we sought to develop a unique dual-mode EPR resonator enabling
rapid in situ heating, ultimately in order to study chemical (catalytic) reactions
in solution. One mode of the resonator operates at 6.1 GHz and is used to heat
the sample (in the TM010 mode), whilst the second mode operates at 9.5 GHz
for EPR detection (TM110). As mentioned above, the benefits offered by MW55
for rapid heating experiments are considerable. MW radiation can locally raise
the temperature of the desired sample volume very rapidly, unlike conventional
heated systems that are dependant on conduction and convection. Since most
solvents have sufficiently high MW permittivity, very efficient volumetric MW
heating can be applied to a range of systems of chemical interest. Furthermore,60
since quartz is a MW transparent material, the efficiency of heating will not be
affected by the EPR tubes used in the proposed dual mode resonator. In this
current work, we describe the basic principles of the resonator, designed for si-
multaneous heating and EPR experiments, and demonstrate how rapid heating
can be achieved using a series of radicals and paramagnetic metal centres.65
2. Experimental
2.1. Resonant cavity design
An important design consideration for the dual mode resonator is that the
MW heating mode must be resonant well below the cut-off frequency of the X-70
band waveguide used to couple to the EPR detection mode (i.e. below 6.5 GHz,
assuming a waveguide “long” dimension of 22.9 mm). To meet this condition,
resonant frequencies for the heating and EPR modes in the ratio of around 1.0 to
1.6 are easily achieved by designing the dual mode resonator to be near square or
cylindrical (see below for details). A short length of waveguide feed (common75
to all Bruker X-band EPR instruments) then acts as an almost perfect high
pass filter for our dual mode resonator, rejecting the heating frequencies around
6 GHz whilst transmitting the EPR frequencies around 9.5 GHz. For a perfectly
cylindrical cavity resonator of internal radius R, the resonant frequencies of the
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TM010 and TM110 modes can be calculated very precisely using the following80
equations:
f010 =
p01c
2piR
f110 =
p11c
2piR
(1)
where c is the speed of light in vacuo, p01 = 2.405 and p11 = 3.832 (i.e. the
first roots of the Bessel functions J0(x) and J1(x), respectively). The TM010
and TM110 modes have antinodes of electric and magnetic field, respectively, on
the axis and so are ideal for heating and EPR, respectively. The TM110 mode is85
doubly degenerate, with the two degenerate modes having orthogonal fields. To
lift this degeneracy, so that the resonant frequencies of this mode are spectrally
separated by at least 500 MHz at 10 GHz (i.e. by 5%), we chose an elliptical
(rather than cylindrical) geometry. Whilst we can achieve a similar splitting of
the degeneracy using a near square, rectangular cavity, the separation of the90
two quasi TM110 degenerate modes in the elliptical case is greater. There is
also then a slightly better separation of the electric and magnetic fields near
the cavity axis, which is important for maintaining a high quality factor (Q)
for EPR measurements when lossy dielectric samples are being studied (e.g.
species within any polar solvent). Whilst analytic expressions exist for the95
resonant frequencies of an elliptical cavity, simple, first-order approximations
can be deduced from perturbations of the cylindrical cavity. For an ellipse of
semi-major and semi-minor axes a and b, respectively, the resonant frequencies
of the quasi TM010 and TM110 modes can be estimated using the following
equations:100
f010 ≈
p01c
pi(a+b)
f110,b ≈ p11c2pi(a−∆) , f110,a ≈ p11c2pi(b+∆) ,∆ = 12 (a− b)
(2)
The internal dimensions of the elliptical cavity to be used as the dual mode
resonator are a = 19.7 mm and b = 17.8 mm, giving approximate resonant
frequencies from Equations 2 of f010 ≈ 6.1 GHz, f110,b ≈ 9.5 GHz and f110,a ≈
5
10.0 GHz. COMSOL Multiphysics simulations of these resonant modes and their
field orientations are shown in Figure 1.105
Figure 1: Magnetic (a, c, e) and electric (b, d, f) energy densities (H2 and E2, respectively)
of an elliptical cavity. The approximate resonant frequencies are shown for semi-major and
semi-minor axes of a = 19.7 mm and b = 17.8 mm. The H fields are in the plane of the page,
whereas the E fields are perpendicular to the page.
The internal length of the cavity is chosen to be 11 mm, which is large enough
to ensure high unloaded Q of the TM010 and TM110,b (approximately 7000 and
8000, respectively, when the cavity resonator is constructed from aluminium),
but short enough to maintain the uniformity of the modulation field and to
ensure that TE modes are pushed to higher frequencies (e.g. above 14 GHz for110
TE111). Another special feature of this cavity resonator is its construction in
two parts, rather than the usual three. As can be seen from Figure 2 , all of
the wall currents flow parallel to the single metal-metal join, meaning that Q
is independent of the pressure applied to this contact and the resonator can
be easily taken apart (separated) for occasional cleaning, whilst retaining near115
identical performance. Finally, it should be noted that the side walls of the
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cavity are very thin (around 1 mm thickness) so that the modulation field at
the sample is not detrimentally compromised by the skin effect in the cavity
walls.
Figure 2: Design and construction considerations of the elliptical cavity. It is manufactured in
two sections to ensure that there is no current flow across metal-metal join in both the heating
mode and the EPR mode (the internal surface microwave currents are shown for the TM010
heating mode). The metal thickness of the opposing elliptical surfaces is very thin (1 mm) to
minimise the reduction in the modulation field owing to the skin depth in the cavity walls at
modulation frequencies up to 100 kHz.
2.2. Helmoltz coils120
To obtain the required phase sensitive detection at 100 kHz, a set of Hel-
moltz coils were designed and constructed in order to modulate the external
magnetic field B0. The coils were made of resistive copper wire of 0.25 mm
gauge, appropriately wound so that the wire becomes two solenoids in series.
The coils were designed to have a radius equal to the separation of the coils.125
The resistance and inductance of the designed Helmoltz coils were 3.482 Ω and
217 µH respectively.
2.3. Experimental assembly for simultaneous microwave-assisted rapid heating
and EPR measurement
The experimental assembly for the simultaneous microwave-assisted rapid130
heating and EPR detection is schematically illustrated in Figure 3. The assem-
bly consists of: a microwave signal generator (EXG 5173B, Keysight Tech-
nologies), a DC power supply (not shown in the Figure, EA PS 2042-20B,
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Elektro-Automatik), a power amplifier (1131-BBM5K8CGM, EMPOWER RF
SYSTEMS), a circulator (Mini-circuits), attenuators (Mini-circuits), a power135
sensor (U2021XA, Keysight Technologies), a thermal imaging camera (TIM640,
Micro-Epsilon) and a Bruker EMX EPR spectrometer, housing the dual mode
resonator equipped with Helmholtz coils described in the previous section. The
MW bridge employed is a Bruker ER041X X-band Gunn diode bridge. The
resonator was designed with an observation hole to one side in order to capture140
real-time thermal images of the sample under test during microwave heating
(and later will be used for in situ irradiation experiments). The power amplifier
has a saturated output power of 40 W and 10 W at 1 dB compression point,
which is more than enough to induce thermal gradients greater than 50 ◦C in
a few seconds. A circulator is added to protect the power amplifier from the145
reflected power (which is typical for a resonator with high quality factor) and
also to monitor the power delivered to the sample. For the purposes of the ini-
tial heating experiments described in this work, a thermal imaging camera was
used to record the temperature. The accurate determination of temperature in
solutions heated by MW is surprisingly complex [18]. More detailed EPR ther-150
mometry approaches [19, 20] will therefore be employed in our ongoing studies
to accurately determine the in situ temperature achieved using the MW in the
dual mode resonator.
2.4. Sample preparation for EPR
To test the dual mode capabilities of the resonator for simultaneous heating155
and EPR measurement, two different samples were prepared; an organic spin
label and a transition metal (copper) complex.
In the first case, a 1 mm solution of 16-doxyl stearic acid methyl ester (16-DSE)
in ethanol was prepared by dissolving 4 mg of 16-doxyl stearic acid methyl ester
in 10 ml of ethanol. The solution was left overnight to dry off the ethanol. A160
50 mm solution of sodium dodecyl sulfate (SDS) in water was prepared by dis-
solving 0.1442 g of SDS in 10 ml of water. This solution was then added to the
16-DSE residue for the SDS micelles to adsorb the 16-DSE on the micelle sur-
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Figure 3: (a) Details of the dual mode cavity resonator. s1 and s2 are two PTFE screws
to hold in place the coupling loops once the two modes (TM010 and TM110,b) are critically
coupled. s3, s4, s5 and s6 are PTFE screws to hold the two parts of the resonator together.
Details of the coupling loops + SMA connectors used for matching both resonant modes are
shown in (b). (c) Details of the Helmholtz coils used to achieve modulation of the external
magnetic field. A picture of the resonator inside the support with the Helmholtz coils is shown
in (d). A schematic diagram of the experimental setup for running EPR and dielectric heating
simultaneously is shown in (e).
face. An aliquot of the spin labelled micelle solution was then introduced into
a Q-band EPR tube (1.6 mm outer diameter, 1.1 mm inner diameter suprasil165
tube, product number: WG-222T-RB Wilmad Labglass) for measurement with
the dual-mode MW-EPR reactor-resonator.
In the second experiment, a 10 mm solution of Cu(II) acetylacetonate, Cu(acac)2,
was prepared by dissolving 7.91 mg of Cu(acac)2 previously recrystallised in
3 ml of chloroform. An aliquot of the prepared solution was introduced into170
an X-band EPR tube (3.0 mm outer diameter, 2.2 mm inner diameter suprasil
tube, product number: 705-SQ-250M Wilmad Labglass) for measurement with
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the dual mode MW-EPR resonator. EPR spectra were simulated using the
Easyspin package [21] running within the Mathworks Matlab environment.
3. Results and Discussion175
The experimental determination of the resonance frequencies for both TM010
and TM110,b modes was achieved by critically coupling the dual mode resonator
with both ports simultaneously connected to an S5180 network analyser (Copper
Mountain Technologies) operating between 100 kHz and 18 GHz. The results are
summarised in Table 1 for the resonator either air-filled or containing a Q-band180
tube filled with deionised water. We found that a compromise between the two
TM modes during critical coupling was very important. Indeed, whilst we were
able to achieve −50 dB on the EPR mode (i.e. TM110,b), this limits the reflection
coefficient of the heating mode (i.e. TM010) to below −15 dB. In contrast, by
limiting the EPR mode to around −30 dB, this allows us to maintain −15 dB185
to −30 dB for the heating mode (see Table 1), which is preferable for power
delivery to achieve the desired temperature increases.
Table 1: Resonant frequencies and voltage standing wave (VSW) reflection coefficients for the matched cavity with and without sample.
Sample
TM010 mode TM110,b mode
Resonance Frequency reflection coefficient Resonance Frequency reflection coefficient
GHz dB GHz dB
Air-filled cavity 6.180938 -32 9.587420 -31
Deionised water 6.124125 -15 9.585420 -28
Using the network analyser with both ports connected, we were also able to
obtain values for the Q factor. This was first monitored with a weakly coupled
resonator so that the measured Q could be considered unloaded. The measured190
Q factors were 6007 for the TM010 mode and 7349 for the TM110,b mode.
The efficiency of the MW induced heating was shown using an IR thermal
imaging probe and 50µl of water in a Q-band EPR tube when setting the MW
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source to deliver a nominal power of 1 W at 6.1 GHz. Figure 4 shows the tem-
perature ramp achieved. The initial slope of the curve indicate a temperature195
ramp of 1.57 K · s−1. Power losses in the cables connecting the MW source to
the amplifier and subsequently the amplifier to the resonator, plus the power
loss within the resonator itself (associated with the Q-factor at 6.1 GHz) would
decrease the actual power available to heat the sample. In simple terms, con-
sidering that the specific heat capacity of water is equal to 4.18 kJ · kg−1 ·K−1200
and assuming >99% absorbance of the MW radiation, it can be deduced that
1 W of nominal power would cause a temperature rise of 4.78 K · s−1 on 50 µl
of water, if no power was lost. Hence, we can estimate that the power transfer
efficiency in the entire system is 1.57 K · s−1/4.78 K · s−1 = 0.33. Even with
this low power transfer efficiency, it can be calculated that when using 10 µl205
of water rather than 50 µl (i.e. which is the case for many solution samples
analysed by EPR spectroscopy in Q-band tubes), a T-jump of 5 K in just over
20 µs would require a MW power of 30 W at 6.1 GHz, which is already possible
with our hardware (currently the maximum power deliverable is ca. 31 W). In
addition, further hardware developments are being undertaken to improve the210
power transfer efficiency of the system and potentially deliver even faster T-
jumps. Within the current development plan, an important issue that is being
tackled is the control of the temperature following fast T-jump events, which at
the moment is still not optimised.
After interfacing the dual mode resonator to the Bruker bridge, the mod-215
ulation coils and the spectrometer signal channel were calibrated at 100 kHz
modulation frequency using a BDPA (3-bisdiphenylene-2-phenylallyl) X-band
EPR standard. This procedure ensured ease of operation by enabling the dual
mode resonator to be controlled through the Bruker WinEPR software. After
calibration, the EPR spectrum of the BDPA standard was analysed for correct220
spectrometer response in terms of field modulation amplitude at 0.1 mT, and
modulation phases at 0°, 90° and 180°. The results of the test demonstrating
resonator and system performance are shown in Figure 5.
Figure 5(a)-(d) shows that in terms of modulation phase, the calibration
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Figure 4: Typical temperature ramp profile achievable upon continuous wave MW injection
of 1 W of nominal power at 6.1 GHz. The inset is a collection of five thermo-camera images
showing a water-filled EPR tube inside the cavity being subjected to dielectric heating.
routine was successful, as demonstrated by the complete loss of signal at 90°225
modulation phase and full reversibility at 180° modulation phase. Nevertheless,
the line width of the BDPA resonance line is narrower than expected. The
intrinsic line width of the BDPA radical is narrower than 0.1 mT, therefore at
100 kHz field modulation frequency and 0.1 mT field modulation amplitude, one
would expect the resonance line to be over-modulated, hence approximately230
equal to 0.1 mT (i.e. the modulation depth). The fact that the Lorentzian
fitting returned ca. 60 % of the expected value matches results obtained with
a set of search coils positioned inside the resonator which highlighted that only
60 % of the modulation field generated by the Helmholtz coils actually enters
the cavity.235
The first proof-of-concept of dielectric heating was performed using SDS
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Figure 5: X-band CW EPR spectra of the BDPA standard following calibration of the Bruker
EMX signal channel with the dual mode cavity resonator and Helmoltz coils. Black empty
circles indicate the experimental points whilst the red solid lines are the fitting to a pure
Lorentzian line shape (first harmonic). Spectra were recorded at 100 kHz field modulation
frequency, 0.1 mT field modulation amplitude and (a) 0°, (b) 90°, (c) 180° modulation phase.
Receiver gain (104), time constant (5.12 ms), conversion time (10.24 ms), and number of points
(4096) were kept constant for all the spectra. (d) Calculated double integrals of the BDPA
spectra in (a), (b) and (c).
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micelles in water, spin-labelled with 16-DSE. Figure 6(a) shows the X-band
CW EPR spectrum of the spin-labelled micelle at room temperature. The
spectrum can be fitted to a model of anisotropic rotational diffusion, with a
rotational diffusion tensor exhibiting axial symmetry, i.e. with a preferential240
rotation mode, and identified by the diagonalised matrix in Equation 3:
Dr = 10
8

5.208 0 0
0 4.505 0
0 0 4.505
 1s (3)
Following 20 s of 1.5 W (nominal power) MW injection at 6.14 GHz, which
causes the temperature of the sample to rise to about 58 ◦C, the EPR spectrum
changed to that shown in Figure 6(b). This second spectrum can still be sim-
ulated and fitted to a model of anisotropic rotational diffusion, but at a much245
faster rate compared to the original room temperature case, as evidenced by the
new rotational diffusion tensor in Equation 4.
Dr = 10
10

1.834 0 0
0 0.1834 0
0 0 0.1834
 1s (4)
Interestingly, the rotational diffusion not only increases at higher tempera-
ture, but also becomes more anisotropic. Faster rotational diffusion rates are
expected at higher temperature, given the reduced viscosity of the solvent. For250
example, the viscosity of water decreases from 1.00 mPa · s (or cP) at 20 ◦C
(0.90 mPa · s at 25 ◦C) to just below 0.50 mPa · s at ca. 58 ◦C [22]. It should be
noted however, that in addition to changes in solvent viscosity, the supramolec-
ular aggregation of SDS surfactant molecules is also temperature dependent. At
the concentration of SDS surfactant used in this study, the SDS micelle ellipsoid255
volume is expected to change from ca. 2.8 · 104 A3 to 1.8 · 104 A3 [23], greatly
induced by the change of the micelle aggregation number (i.e. average number
of surfactant molecules per micelle) from ca. 65 (at RT) to ca. 35 (at 58 ◦C)
[23]. Whilst changes in viscosity would be expected to reflect isotropically on
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the rotational diffusion, a different physical-chemical interaction of the spin la-260
bel with a smaller micelle (on average) seems to allow for an even increased
preferred rotation of one of the possible modes over the other two.
Figure 6: X-band CW-EPR spectra of 16-DSE spin-labelled SDS micelles in water recorded
at (a) room temperature, and (b) 58 ◦C. Spectra were recorded using the dual mode resonator
operating at 100 kHz field modulation frequency, 0.1 mT field modulation amplitude, 5.024 ·
10+4 receiver gain and 4096 points. (c) Double integrals of the spectra in (a) and (b).
The second experiment to test the performance of the resonator was con-
ducted using a solution of copper (II) acetylacetonate, Cu(C5H7O2)2, dissolved
in CHCl3 as a paradigmatic system. This was chosen as a simple standard to265
represent a transition metal complex. Figure 7(a) shows the X-band CW EPR
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spectrum of the complex at room temperature. The spectrum was simulated
and fitted to a model of isotropic rotational diffusion, with an isotropic rota-
tional correlation time of ca. 20 ps. Upon dielectric heating at 56 ◦C, the EPR
spectrum changed to that shown in Figure 7(b), which is fully consistent with270
the spectrum reported by Wilson and Kivelson [24] for the same compound in
the same solvent at 58 ◦C using conventional heating. Fitting the high temper-
ature spectrum to the same model used for the RT spectrum, revealed a new
isotropic rotational correlation time of ca. 11 ps, in line with a faster rotational
diffusion which is mostly caused by a decreased solvent viscosity as driven by275
the MW induced increase in temperature. Upon comparison of the spectrum in
Figure 7(a) with the one in Figure 7(b), it is also possible to identify a slight
decrease of the signal-to-noise ratio. We discovered that the power amplifier for
the 6.1 GHz microwave source generates higher harmonics at ca. 12 GHz. These
propagate unfiltered into the EPR microwave bridge, leading to partial detun-280
ing of the 9.5 GHz mode employed for EPR detection. This is also confirmed
by the double integrals of the spectra during heating. Over three consecutive
heating/cooling cycles, the spectra recorded during MW injection at 6.1 GHz
(Figure 7(c)) exhibited systematic smaller values (i.e. partial loss of signal)
when compared to the spectra without MW injection at 6.1 GHz. Further tech-285
nological developments are currently being undertaken to filter out these higher
harmonics before they reach the EPR microwave bridge.
4. Perspective for T-jump EPR experiments
Microwaves can be used to accelerate and drive chemical reactions in a very
efficient manner. If the MW field is applied to the sample in resonant mode,290
such that the E-field components of the radiation is selected, then incredibly
efficient heating can be achieved. Although the precise mechanism by which
the MW can heat liquids and solids is not comprehensively understood, this has
not deterred the wide spread use of MW reactors in chemical synthesis. Rapid
heating can change not only the selectivity of some reactions, but also provides295
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Figure 7: X-band CW-EPR spectra of Cu(C5H7O2)2 in CHCl3 recorded at (a) room tem-
perature, and (b) 56 ◦C. Spectra were recorded using the dual mode resonator operating at
100 kHz field modulation frequency, 0.1 mT field modulation amplitude, 3.991 · 10+4 receiver
gain and 4096 points. (c) Double integrals of the spectra in (a) and (b), plus double integrals
of spectra recorded during three further heating/cooling cycles whose EPR spectra are not
shown.
a simple and effective means to study the kinetics and dynamics of the react-
ing system itself via the temperature-jump relaxation approach. Most chemical
reactions involve an equilibrium process, with the rate of the forward and re-
verse reactions controlling the overall concentration of reactants and products
at any given point in time. The chemical or conformational equilibrium can be300
easily perturbed and shifted in either direction, when a stress is applied. This
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stress may involve a change in concentration, pressure or temperature. The
rate of change from the old to the new equilibrium will depend on the rate
constant for the forward and reverse reactions or the conformational change,
so that analysis of this rate is extremely informative in chemical kinetics and305
dynamics. It is important that the perturbation is applied more rapidly than
the relaxation time, and usually on a time scale that is faster than the mixing
times involved. Rapid heating by microwaves (creating a T-Jump) using a suit-
able resonator, could therefore be used as a novel means of studying reaction
kinetics and dynamics, as well as investigating the fundamental mechanism of310
how MW influence chemical reactions. The greatest advantage offered by MW
heating is the near homogeneous volumetric heating state that can be almost
instantaneously achieved, particularly using short MW pulses.
In the current work, the MW field was delivered to the sample under contin-
uous irradiation conditions using the 6.1 GHz heating mode in the resonator.315
Successful in situ heating was evidenced by the changes in rotational correla-
tion time (monitored simultaneously by EPR) for two different paramagnetic
systems. The use of pulsed MW sources at 6.1 GHz will enable us to deliver
faster temperature rises, to study by EPR spectroscopy dynamics and kinetics
in chemical systems. Crucially, this resonator is simple to produce and easy to320
use on a standard Bruker EPR spectrometer, offering a facile method for in situ
EPR heating studies.
5. Conclusions
In this paper, we have described a novel dual-mode EPR resonator capable
of performing standard X-band EPR measurements whilst simultaneously en-325
abling the in-situ dielectric volumetric heating of the sample using microwaves.
We have demonstrated the successful EPR detection of a spin-labelled system
and a transition metal (copper) complex under dielectric heating conditions, as
evidenced by the changes in the rotational diffusion dynamics of the param-
agnetic species in solution. Providing the availability of a suitable microwave330
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generator at 6.1 GHz and a suitable amplifier, this resonator can be easily in-
terfaced to a Bruker EPR microwave bridge and operated using the standard
Bruker instrumental software. The currently available method allows for mod-
est T-Jumps of over 50 ◦C in a few seconds. However, further developments
are underway to generate very short and high power MW pulses capable of de-335
livering much shorter T-jumps within a few µs or faster. We envisage a great
interest from scientists and researchers involved in the study of the kinetics of
paramagnetic intermediate and excited states relevant to catalysis, as well as
the possibility to couple this technology with high pressure EPR cells in order
to monitor the kinetic evolution of paramagnetic species and intermediates over340
a (T,P) landscape.
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1. We have developed a novel dual‐mode EPR resonator capable of performing 
standard X‐band CW‐EPR measurements whilst simultaneously enabling in‐situ 
dielectric volumetric heating using microwaves. 
 
2. This resonator can be easily interfaced to commercially available EPR microwave 
bridges and operated using standard instrumental software provided by 
spectrometer manufacturers. 
 
3. We have demonstrated successful EPR detection of a spin‐labelled system and a 
transition metal (copper) complex under dielectric heating conditions, as evidenced 
by the changes in the rotational diffusion dynamics of the paramagnetic species in 
solution. 
 
4. The current available hardware allows for T‐jumps up to 5 K in a few dozen 
microseconds when using aqueous media. 
 
